Intelectins (X-type lectins), broadly distributed throughout chordates, have been implicated in innate immunity. Xenopus laevis embryonic epidermal lectin (XEEL), an intelectin secreted into environmental water by the X. laevis embryo, is postulated to function as a defense against microbes. XEEL is homologous (64% identical) to human intelectin-1 (hIntL-1), which is also implicated in innate immune defense. We showed previously that hIntL-1 binds microbial glycans bearing exocyclic vicinal diol groups. It is unknown whether XEEL has the same ligand specificity. Also unclear is whether XEEL and hIntL-1 have similar quaternary structures, as XEEL lacks the corresponding cysteine residues in hIntL-1 that stabilize the disulfide-linked trimer. These observations prompted us to further characterize XEEL. We found that hIntL-1 and XEEL have similar structural features. Even without the corresponding intermolecular disulfide bonds present in hIntL-1, the carbohydrate recognition domain of XEEL (XEEL CRD ) forms a stable trimer in solution. The structure of XEEL CRD in complex with D-glycerol-1-phosphate, a residue present in microbe-specific glycans, indicated that the exocyclic vicinal diol coordinates to a protein-bound calcium ion. This ligand-binding mode is conserved between XEEL and hIntL-1. The domain architecture of full-length XEEL is reminiscent of a barbell, with two sets of three glycan-binding sites oriented in opposite directions. This orientation is consistent with our observation that XEEL can promote the agglutination of specific serotypes of Streptococcus pneumoniae. These data support a role for XEEL in innate immunity, and they highlight structural and functional conservation of X-type lectins among chordates.
The carbohydrate coats of cells can be used by the immune system to distinguish self from non-self (1) . Lectins can play a role in this discrimination because they have the ability to distinguish among carbohydrate residues. Several families of lectins, including the C-type lectins and ficolins, are classified as immune lectins. Their occurrence throughout the animal kingdom suggests that carbohydrate recognition is critical in immunity (2, 3) . Recently, intelectins, also known as X-type lectins (4) , have been proposed to function in immunity (5) . This suggestion is intriguing, but little is known about the structure or function of this class of lectins.
Intelectins have been identified in diverse species from tunicates to humans (6) . The limited functional studies conducted to date suggest a role in host defense. For example, tunicate intelectin can serve as an opsonin for phagocytosis by hemocytes (7) . Amphioxus intelectin can agglutinate bacteria in vitro, suggesting that it could sequester them from the organism (8, 9) . In some species, intelectin expression levels increase upon infection. Specifically, in rainbow trout and zebrafish, intelectins are up-regulated upon microbial infection (10 -12) . Sheep and mice increase intelectin production upon infection with intestinal parasitic nematodes (13) (14) (15) . The up-regulation of intelectins upon exposure to microbes supports the hypothesis that these proteins function in animal immune defense.
The first intelectin was discovered in Xenopus laevis (16 -18) . At least five X. laevis intelectins have been described subsequently. X. laevis cortical granule lectins (XCGL-1 and XCGL-1) are found in oocytes and developing embryos (19) , where they facilitate the formation of the fertilization envelope to block polyspermy (16, 17) . X. laevis serum lectins (XSL-1 and XSL-2) are transcribed in response to lipopolysaccharide exposure (20, 21) . The X. laevis embryonic epidermal lectin (XEEL) 4 is secreted during various stages of development, but its level is highest around hatching time (22, 23) . This lectin is produced by the goblet cells of the larval epidermis, which has properties akin to those of the human mucosal epithelia (24) . Human goblet cells are critical for preserving the epithelial barrier and therefore for microbial defense. These parallels suggest that XEEL may function in innate immunity in Xenopus.
Humans encode two intelectins that have similarities to XEEL: hIntL-1 and hIntL-2 (25) . These human lectins are expressed at mucosal barriers, including the lung and the intestine. The recognition properties of hIntL-1 are consistent with a role for this lectin in innate immunity. Specifically, it has been suggested that hIntL-1 recognizes furanose carbohydrate residues, including galactofuranose (Galf) and ribose (5) . Our studies of hIntl-1 indicate that it does not bind ribose, but it does interact with ␤-Galf residues (26) and is thus not a general furanose-binding lectin. Analysis using glycan microarrays revealed that hIntL-1 does not bind any of the tested human glycans but rather binds diverse microbial glycan epitopes. Specifically, hIntL-1 can interact with ␤-Galf, D-glycerol-1-phosphate (GroP), heptoses, D-glycero-D-talo-oct-2-ulosonic acid, and 3-deoxy-D-manno-oct-2-ulosonic acid (26) . None of these epitopes are present on human glycans. In accord with its glycan specificity, hIntL-1 binds microbial cell surfaces, supporting a role for hIntL-1 in the recognition of intact microbes (26) . Given these recognition properties and the presence of intelectins in diverse species, an intriguing possibility is that the intelectins serve as microbial detectors.
XEEL and other intelectins share high sequence similarity, including a putative conserved fibrinogen-like domain (FBD) . Although this domain is also found in ficolins (6) , it comprises a mere 45 of the 300 amino acid residues in intelectins. Experiments suggest that carbohydrate binding is calcium ion-dependent. C-type lectins typically use calcium ions to coordinate their carbohydrate ligands, but the intelectins are not members of this family (16, 25, 27) . We recently used x-ray crystallography to determine the structures of apo-hIntL-1 and hIntL-1 complexed to a ␤-Galf glycoside (26) . Our results indicate that hIntL-1 binds the exocyclic vicinal diol present in ␤-Galf through direct calcium ion coordination. This exocyclic vicinal diol is the common feature of hIntL-1 ligands. Still, whether hIntL-1 ligands bind similarly and whether intelectins from different species use similar recognition modes was not known. In addition, whether different intelectins adopt different quaternary states is unclear. Because XEEL is secreted into environmental water, we hypothesized that this protein is stable and therefore would be conducive to crystallographic studies.
Here, we have described the biophysical properties and three-dimensional structure of the carbohydrate recognition domain (CRD) of XEEL (XEEL CRD ) with and without a bound GroP ligand. The structure of the complex of XEEL CRD and GroP has striking similarities to that of hIntL-1 bound to ␤-Galf. The mechanism of ligand recognition, direct calcium ion coordination, is conserved. Although it is missing the intermolecular disulfide bonds present in hIntL-1, the XEEL CRD is trimeric in solution. In light of the previously described hexameric XEEL (22) , we propose that full-length XEEL is a dimer of trimers. This molecular arrangement suggests that XEEL could promote cell agglutination. We tested this hypothesis and found that XEEL can agglutinate serotypes of Streptococcus pneumoniae that display capsular polysaccharides with a terminal exocyclic 1,2-diol. In addition to highlighting that hIntL-1 and XEEL have a conserved structure and ligand-binding mechanism, the XEEL CRD structure provides the means to identify and compare functional residues across species. We anticipate that the data will be useful as research into the ligand specificity and biological functions of intelectins expands.
Experimental Procedures

Expression and Purification of Xenopus laevis Embryonic
Epidermal Lectin (XEEL)-The cDNA for XEEL (GenBank TM accession number BC087616) was purchased from Source Bio-Science and amplified with primer A (5Ј-TTTTTGCACTTG-CATTTCCAGCAGGGCACGCTGGTTCATGGAGCCATC-CGCAGTTTGAAAAGGGTTCATGTGAACAAGCTTCAA-TTTCTG-3Ј) and primer B (5Ј-GGTACCAAGCTCATTAAC-GGTAGAAGAGCATCACAGCTGCC-3Ј). The PCR product was then amplified with primers B and C (5Ј-GCGCGGAT-CCATGTTGTCATATAGCCTGTTGCTTTTTGCACTTGC-ATTTCCAGCAGGG-3Ј). The resulting PCR product was digested with BamHI and KpnI and ligated into a similarly digested pFastBac1 vector. The N terminus of the protein product is expected to be MLSYSLLLFALAFPAGHA GSWSHPQ-FEKGSCEQASIS. The expressed protein begins with residue 4, the second methionine in the annotated sequence. The underlined amino acids are the predicted secretion signal peptide, the bold amino acids denote the Strep-tag II incorporated for purification, and the italicized amino acids correspond to the native, mature sequence. Residues 22 and 23 (GS) are repeated after the Strep-tag II. Following sequence verification, the vector was subjected to recombination into a baculovirus according to the manufacturer's protocol (Bac-to-Bac baculovirus expression system, Life Technologies). The resulting baculovirus genomic DNA was transfected (Insect GeneJuice, Novagen) into Sf21 insect cells to produce the first generation (P1) of recombinant baculovirus. Amplified baculovirus (P2) was produced using P1 to infect suspension Sf21 cells grown in SF900-II-SFM (Life Technologies). Virus-containing supernatant was harvested by centrifugation. Fetal bovine serum was added to 2% to stabilize the baculovirus.
XEEL was produced as a secreted protein using High Five cells (Life Technologies), a derivative of Trichopulsia ni. For expression of the selenomethionine (Se-Met)-labeled XEEL used for experimental phasing, High Five cells were suspension cultured in 921 Delta Series, methionine-deficient medium (Expression Systems, catalog No. 96-200, 200 ml) supplemented with 1ϫ antibiotic-antimycotic (Life Technologies) and 10 g/ml gentamicin (Life Technologies). Cells were infected when they reached a density of Ն2 ϫ 10 6 cells/ml by the addition of 0.5 l of baculovirus P2 conditioned medium/1 ϫ 10 6 viable cells. After the first addition of L-selenomethionine (10 mg, Acros Organics) at 12 h post-infection, additional portions (10 mg) were added every 24 h until medium harvest. Cells producing XEEL were cultured for 5 days at 22°C in a baffled flask with shaking at 90 rpm. The conditioned culture medium was harvested by centrifugation and passed through a 0.22-M filter; the medium was stored at 4°C for at least 1 week. This incubation period was crucial for the proteolytic cleavage that preceded successful crystallization of XEEL residues 54 -342. Unlabeled XEEL was produced using the same conditions except Express Five SFM (Life Technologies) supplemented with 1ϫ antibiotic-antimycotic, 10 g/ml gentamicin, and 4 mM glutamine was used as a culture medium, and no Se-Met was added.
The conditioned medium was dialyzed extensively against 20 mM bis-Tris (pH 6.7), 150 mM NaCl, and 1 mM EDTA. The medium was slowly adjusted to pH 6.7, and a 1 M solution of CaCl 2 was added to a final concentration of 10 mM. In addition, avidin (Calbiochem) was added to the conditioned medium (28 g/ml) to absorb excess biotin, per the manufacturers protocol (IBA GmbH). The solution was then cleared by centrifugation. Strep-tag II XEEL was purified by binding to Strep-Tactin Superflow resin (IBA GmbH, catalog No. 2-1206-002). The column was washed with 20 mM bis-Tris (pH 6.7), 150 mM NaCl, 10 mM CaCl 2 and then 20 mM bis-Tris (pH 6.7), 150 mM NaCl, 0.5 mM EDTA. Protein was eluted with 5 mM D-desthiobiotin (Sigma Aldrich) in 20 mM bis-Tris (pH 6.7), 150 mM NaCl, and 0.5 mM EDTA and concentrated using a 10,000 MWCO Amicon Ultra centrifugal filter. During the concentration process, large sheet-like crystals began to form. Crystals were harvested by centrifugation at 2000 rpm and washed twice using 20 mM bis-Tris (pH 6.7), 150 mM NaCl, and 0.5 mM EDTA. The crystals were resuspended in 20 mM bis-Tris (pH 6.7), 150 mM NaCl, and 0.5 mM EDTA, and CaCl 2 was added to 5 mM. Within 1 min, the crystals completely dissolved. The protein purity of the resulting solution was assessed by SDS-PAGE and Coomassie Blue staining to be Ͼ95%. The concentration of XEEL was determined using absorbance at 280 nm with an estimated ⑀ ϭ 75,455 cm Ϫ1 M Ϫ1 for the monomer and a calculated molecular mass of 36,258 Da post-signal peptide removal. Typical yields were 0.5 mg/50 ml of conditioned medium.
Although the expected mass of the glycosylated protein produced is 36,258 Da, MALDI and ESI-TOF analysis returned masses of 32,884 and 32,802 Da, respectively. The observed mass difference indicated a truncation of at least 30 residues. N-terminal sequencing (ABI 494, Tufts University Core Facility) revealed the first five amino acids to be RSGGS. Therefore, the XEEL construct used in this study corresponds to residues 54 -342. We refer to this as XEEL CRD to denote the carbohydrate recognition domain.
Expression and Purification of Thioredoxin-fused XEEL (Residues 22-47)-The expression construct was synthesized as a gBlock (Integrated DNA Technologies) and then cloned into the MfeI and BamHI sites of pMAL-c5x (New England Biolabs). The expected protein sequence corresponds to full-length thioredoxin (underlined) followed by a linker, a histidine tag, and an enterokinase cleavage site (bold) fused to residues 22-47 of XEEL (italics): MSDKIIHLTDDSFDTDVLKADGAILVDFW-AEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTA-PKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDAN-LAGSGSGHMHHHHHHSSGTDDDDKGSCEQASISEKKEK-ILNLLACWTEGN.
The expression plasmid was transformed into Escherichia coli SHuffle Express (New England Biolabs). Cells were grown in Terrific broth at 30°C until OD 600 reached 0.6, at which time the temperature was lowered to 15°C. Isopropyl 1-thio-␤-Dgalactopyranoside (0.1 mM) was added to induce expression, and fermentation was allowed to proceed for 16 h. The cells were lysed, and the protein was purified using nickel-nitrilotriacetic acid as described previously (28) .
X-ray Crystallography-Selenomethionine-labeled XEEL-CRD was redissolved in 20 mM bis-Tris (pH 6.7), 150 mM NaCl, 0.5 mM EDTA, and 5 mM CaCl 2 at a concentration of 2 mg/ml, and crystallization (hanging drop vapor-diffusion) was achieved by mixing 1 l of the protein solution and 1 l of well solution (100 mM Tris (pH 7.0) and 20 -24% PEG 400). Crystals appeared in 2-3 h and matured to full size within 2-3 days. For cryoprotection, crystals were dipped briefly in well solution containing 30% PEG 400 and vitrified in liquid nitrogen. Unlabeled XEEL CRD protein was used to obtain the crystal structure with bound GroP (Sigma-Aldrich, G7886). Crystals were grown under similar conditions to Se-Met-labeled XEEL, with 50 mM GroP present during crystal growth and cryoprotection.
Single crystal x-ray diffraction experiments were performed on the Life Sciences Collaborative Access Team beamline 21-ID-D at the Advanced Photon Source, Argonne, IL. To determine the structure of Se-Met XEEL CRD , diffraction data were collected at the Se K-edge (12,661.38 eV). Integration, scaling, and merging were performed with HKL2000 (29). The structure was solved using PHENIX by Se-SAD phasing with AutoSol (30). 42 selenium sites were expected; the substructure search yielded 39. The figures of merit were 0.28 and 0.66 before and after density modification, respectively. The GroP-bound XEEL CRD structure was solved by molecular replacement using Phaser with monomeric Se-Met XEEL CRD as a search model (31) . Both structures were adjusted and refined using Coot and phenix.refine, respectively (32, 33) . The coordinate restraint set for GroP was generated using PRODRG (34) . MolProbity was used for validation (35) . Data collection and refinement statistics are presented in Table 1 . PyMOL was used to generate the figures depicting protein structures (Figs. 2, 4, 8B, 10, and 12) (36). Surface properties were calculated using PISA (37) . Surface Plasmon Resonance-Analysis of XEEL CRD using surface plasmon resonance (SPR) was conducted on a ProteOn XPR36 (Bio-Rad) at the University of Wisconsin-Madison Department of Biochemistry Biophysics Instrumentation Facility. To measure XEEL CRD binding to carbohydrate, ProteOn NLC sensor chips (NeutrAvidin-coated sensor chip) (Bio-Rad, catalog No. 176-5021) were used to capture biotinylated carbohydrate ligands. All experiments presented here were conducted at surface-saturated levels of ligand, ϳ200 response units. In all experiments, captured biotin was used in flow cell 1 as a control. Samples containing purified XEEL CRD were prepared by serial dilution into SPR running buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM CaCl 2 , and 0.005% Tween 20). Surfaces were regenerated with short injections of solutions of 10 mM HCl. Data were referenced using the biotin reference channel and processed using the Bio-Rad ProteOn software package. Competition binding experiments were conducted by adding glycerol to the SPR running buffer in which purified XEEL CRD was diluted. Data were analyzed on Prism6 (GraphPad). For determination of the glycerol IC 50 , SPR data were fit to a one-site competition model in Prism6. The top of the fit was constrained to 110 response units based on the equilibrium response in the presence of 1 mM CaCl 2 .
Chemical Cross-linking-XEEL CRD aliquots (1 mg/ml, 2 l) were mixed with 1 l of bis(sulfosuccinimidyl)suberate crosslinker (Pierce) stock solution to achieve final cross-linker concentrations ranging from of 0 to 5 mM. The buffer for all components was 20 mM bis-Tris (pH 6.7), 150 mM NaCl, 0.5 mM EDTA, and 5 mM CaCl 2 . Cross-linking was performed at room temperature for 30 min. Each reaction was diluted by adding 7 l of the reaction buffer, and proteins were denatured by adding 2 l of 6ϫ SDS loading buffer (350 mM Tris (pH 6.8), 30% glycerol, 10% SDS, 9.3% DTT, and 0.06% bromphenol blue). Samples were heated at 95°C for 3 min prior to analysis by SDS-PAGE stained with Coomassie Blue.
Small-angle X-ray Scattering-Scattering data for a solution of 2 mg/ml (63 M monomer) XEEL CRD were collected on a Bruker NANOSTAR small angle x-ray scattering (SAXS) system. Background scattering (20 mM bis-Tris (pH 6.7), 150 mM NaCl, 0.5 mM EDTA, and 5 mM CaCl 2 ) was subtracted from the data. A preliminary analysis was performed using the ATSAS suite (PRIMUS and GNOM) (38 -40) . Predicted scattering curves from the crystal structure of XEEL CRD were generated using CRYSOL (41) .
Sedimentation Equilibrium Analytical Ultracentrifugation-Recrystallized XEEL CRD was dissolved in 20 mM bis-Tris (pH 6.7), 150 mM NaCl, 0.5 mM EDTA, and 5 mM CaCl 2 , and the concentration was determined using UV-visible absorbance spectroscopy. Samples were prepared by dilution to concentrations of 9.0 M (trimer), 5.2 M, and 2.6 M for analysis by sedimentation equilibrium analytical ultracentrifugation. Equilibrium data were collected at 20°C in a Beckman Optima XLA Analytical Ultracentrifuge using 1.2-cm double sector charcoal-filled Epon centerpieces. Protein gradients were recorded at 276 nm every 2-3 h until two or more were superimposable. The equilibrium data were collected at speeds of 6,000, 8,000, 9,600, 11,500, 13,200, and 15,900 rpm. After the 15,900-rpm run, the contribution from non-sedimenting absorbance was determined by high speed depletion of the protein; this absorbance was Յ0.006 for the three samples. After depletion, subsequent re-equilibration at 11,500 rpm resulted in a gradient essentially superimposable on the original gradient at this speed, indicating no significant loss of protein to irreversible aggregation during the course of the experiment.
The solvent density () of 1.004 g/ml was computed from density increments (42) , except that the bis-Tris buffer was not included, as it is not in the available table. The calculated partial specific volumes () of intact XEEL and XEEL CRD are the same and based on the amino acid sequences are 0.719 ml/g. The masses based on sequence (M s ) are 36,258 and 31,652, respectively.
Analysis of the equilibrium data followed an approach similar to that described previously (43) and was performed by Darrell R. McCaslin (University of Wisconsin-Madison, Department of Biochemistry, Biophysics Instrumentation Facility). The analysis utilized programs developed in Igor Pro (Wavemetrics Inc., Lake Oswega, OR) by Dr. D. R. McCaslin. The measured non-sedimenting absorbance for each sample was included as a fixed parameter. The data from three concentrations and five speeds were globally fit to models consisting of one or two macromolecular species. The single species model described the complete data set adequately and thus was employed. The reduced molecular weight (M r ) was used as the fitting parameter as it removes the impact of ambiguities in and on the fit. The reduced molecular weight is defined as M r ϭ M w (1-), where M w , in the single species case, is the molecular weight of the macromolecular complex. M r must be an integral multiple of the sequence weight M s ; therefore, M r ϭ nM s (1-), where n is equal to the oligomeric state of the protein.
S. pneumoniae Agglutination Assay-Formaldehyde-fixed S. pneumoniae serotypes were prepared as described previously (26) . Full-length hexameric XEEL was expressed in High Five cells in a manner similar to the monomeric XEEL CRD , except that 1% fetal bovine serum was included during expression and SIGMAFAST protease inhibitor (Sigma-Aldrich, S8820) was added after medium collection to suppress proteolysis. Each bacterial suspension was mixed with hexameric XEEL and imaged using a ϫ40 objective lens on a Nikon TE2000 inverted microscope equipped with an Andor IXON camera. Images were acquired with MetaMorph. A scale bar was added using ImageJ, with a scale of 0.162 m/pixel.
Results
An Oligomerization Domain at the XEEL N Terminus-We used an insect cell expression system for XEEL, both because of its ability to yield the large quantities of protein needed for biophysical characterization and because it can be used to incorporate Se-Met into the protein for crystallographic structure determination. The expression construct encodes fulllength XEEL with an N-terminal Strep-tag II purification tag sequence linked to the predicted signal peptide (44) . Cleavage of the signal peptide should yield XEEL with a two-amino acid linker followed by an eight-amino acid Strep-tag II at the N terminus. Purification of secreted XEEL from conditioned culture supernatant using Strep-Tactin affinity chromatography (45) afforded a protein product, but mass spectrometry of the purified protein indicated a truncation of at least 30 N-terminal residues had occurred. Analysis by N-terminal sequencing revealed that secondary proteolysis had yielded a protein product corresponding to residues 54 -342 (XEEL CRD ). The XEEL CRD lacks the Strep-tag II purification tag, yet the protein could be purified using a Strep-Tactin resin. We postulate that the lectin has modest affinity for agarose resin. The production of this truncated protein provided the opportunity to examine the role of the N-terminal sequence in oligomerization.
The N-terminal sequences of the intelectins are not conserved, and previous studies suggest that this region controls the intelectin oligomeric state (6) . The recombinant XEEL CRD lacks the N-terminal intermolecular disulfide bonds responsible for covalent trimerization of hIntL-1. As expected, XEEL CRD migrates as a monomer on reducing and non-reducing SDS-PAGE ( Fig. 1A) . When the aforementioned construct was expressed in HEK293T cells, full-length XEEL was obtained. The full-length protein migrated as a monomer under reducing conditions but, as observed previously, it ran as a disulfide-linked hexamer under non-reducing conditions (22) . These results are consistent with predictions that the XEEL N terminus engages in intermolecular disulfide formation. The disulfide bonds are likely mediated by cysteines Cys-24 and Cys-42. We tested this possibility by generating a fusion protein in which residues 22-47 of XEEL were appended to the C terminus of thioredoxin. The resulting recombinant protein forms covalent dimers and hexamers (Fig. 1B) . The data indicate that this 26-amino acid peptide is a disulfide-mediated oligomerization domain.
Three-dimensional Structure of XEEL CRD -To analyze the ligand-binding site of XEEL and to compare the oligomeric state of XEEL CRD to that of hIntL-1, we used x-ray crystallography to determine the structure of XEEL CRD. For phasing purposes, we produced Se-Met-labeled XEEL CRD . Mass spectrometry analysis indicated that Se-Met was substituted at all seven methionine residues. Native and Se-Met-labeled XEEL CRD crystallized under similar conditions. The structure of Se-Met XEEL was solved by Se-SAD (with 67.5% solvent content) and refined to 2.3 Å resolution. The six molecules in each asymmetric unit form two trimers ( Fig. 2A ) related to one another by a pseudotranslation vector of 55.6 Å approximately parallel to the b axis. Although the C terminus is clearly resolved in the electron density, the first resolvable residue on the N terminus is Gly-66.
The trimeric carbohydrate recognition domains of XEEL and hIntL-1 are highly related, each possessing a globular subunit that does not fall into a well known structural family. Both have a fibrinogen-like lobe that contains a split and twisted sevenstranded ␤-sheet. The intelectin-specific region is characterized by a large fraction of random coil and a three-stranded curved ␤-sheet. The domains are encircled by 12 short solventexposed ␣-helical stretches ( Fig. 2A) .
Three well ordered calcium ions are a defining feature of the intelectin-specific region of XEEL CRD . Two calcium ions are buried deep in the protein core and are presumed to play a structural role (Fig. 2B) . The structural calcium ion that is closer to the protein surface is heptacoordinated. Calcium ion ligands include two distal waters and five protein atoms: the carboxylates of Glu-116 and Asp-127 (both oxygen atoms) and the backbone carbonyls of Asn-118 and Gly-121. Asn-117 forms additional hydrogen bonds to calcium-bound water molecules through both its side chain and backbone amide nitrogen. The structural calcium ion located farther inside the trimeric protein is coordinated directly by the carboxylates of Asp-162 (both oxygen atoms) and Asp-311, backbone amide carbonyls of His-115 and Gly-126, and two water molecules. Finally, the His-115 side chain also forms a hydrogen bond with a calcium-bound water molecule. No single amino acid or water molecule coordinates both calcium ions simultaneously.
The remaining calcium ion is positioned analogously to that in the ␤-Galf-bound hIntL-1 structure (PDB ID: 4WMY) (26) (Fig. 2C ). This congruence suggests that this ion also marks the carbohydrate recognition pocket in XEEL CRD . This calcium ion is directly coordinated by Asn-289, Glu-291, Glu-303, and four ordered water molecules. The pocket geometry is determined by a network of 16 hydrogen bonds distributed among the four (26) . To address whether this ligand specificity is conserved between XEEL and hIntL-1, we used SPR to monitor XEEL CRD ligand binding properties (Fig. 3A) . XEEL CRD displays concentrationdependent binding to immobilized ␤-Galf. The on-and offrates are rapid, suggesting that minimal structural reorganization of XEEL CRD occurs upon ligand binding. As a measure of the affinity of XEEL CRD for immobilized ␤-Galf, we used an equilibrium binding model to analyze the SPR data (Fig. 3B) . The apparent affinity of the XEEL CRD trimer for ␤-Galf is 4.1 Ϯ 0.5 M. No specific binding to ␤-galactopyranose (␤-Galp) or ␤-ribofuranose was observed. These results suggest that, like hIntL-1, XEEL does not bind generally to furanoside ligands but instead recognizes the exocyclic 1,2-diol epitope of ␤-Galf.
To test whether the exocyclic vicinal diol on ␤-Galf is the epitope recognized by XEEL CRD , we conducted competition binding studies with the simplest terminal 1,2-diol, glycerol. Glycerol inhibits XEEL CRD binding to immobilized ␤-Galf, indicating that it is a competitive inhibitor (Fig. 3C) . These experiments suggest that XEEL binds both ␤-Galf and GroP through their common exocyclic vicinal diol epitope. From the inhibition data, we determined the IC 50 of glycerol to be 0.6 Ϯ 0.6 mM. The glycerol inhibition data fit well to a one-site competition model. Thus, the determined IC 50 value serves as an estimate of the K d of an exocyclic vicinal diol-containing compound for a single XEEL-binding site.
Human and Xenopus Intelectins Use Similar Ligand Recognition Modes-To compare ligand recognition of XEEL and hIntL-1, we co-crystallized the XEEL with GroP. Alignment of Se-Met XEEL CRD and GroP-bound XEEL CRD yields an r.m.s.d. . XEEL is a trimer with multiple calcium ion binding sites. A, crystal structure of Se-Met-labeled XEEL CRD trimer oriented with the intelectin-specific domains toward the top of the figure and the fibrinogen-like lobes below. The second trimer in the asymmetric unit is removed for clarity. B, structural calcium site with two calcium ions (green) and four ordered water molecules (red). C, ligand-binding site with one calcium ion (green) and four ordered water molecules (red).
value of 0.17 Å over 276 C␣ atoms, suggesting that no drastic structural changes occur upon either Se-Met labeling or ligand binding. Specifically, no significant movement of residues in the vicinity of the ligand-binding site is observed upon XEEL complexation to GroP. The structure reveals that two hydroxyl groups from GroP coordinate directly to a calcium ion ( Fig. 4 ). Upon binding, these hydroxyls displace two ordered water molecules in the ligand-binding site. This mode of ligand binding is nearly identical to what was observed in the structure of the hIntL-1-␤-Galf complex. In XEEL, the diol moiety of the GroP binds in a pocket formed by the side chain of Trp-317 and Trp-326. Trp-326 serves as an aromatic wall; it is positioned such that it allows binding of a diol terminating with a hydroxymethylene (-CH 2 OH) group but not a more substituted diol. A similar binding mode is found for hIntL-1, but the human protein possesses a tyrosine residue in place of Trp-326 in XEEL.
The indole NH of Trp-326 forms a hydrogen bond with the phosphate group of GroP. Electron density around the phosphate group reveals elongation toward the indole NH of Trp-317, suggesting dynamic equilibration of hydrogen bonding between Trp-317 and Trp-326 and the phosphate group. The primary hydroxyl of GroP forms a hydrogen bond with His-292. In addition to calcium coordination, Glu-303 forms a hydrogen bond with the secondary hydroxyl group of GroP. These additional hydrogen-bonding interactions enhance the ability of the diol hydroxyl groups to serve as ligands for the calcium ion.
Intelectin Structures Provide Insight into Residue Conservation and Function-The availability of the XEEL and hIntL-1 structures allows the assignment of residue function to the broader class of intelectins. We aligned the sequences of intelectins from humans and a range of model organisms, using ClustalW2 ( Fig. 5) (46) . The structural calcium sites are highly conserved. The only exception is the amino acid corresponding to Asn-118 of XEEL, which coordinates the calcium ion through its backbone amide carbonyl. The majority of the structural calcium site residues cluster between amino acids 115 and 127, with the consensus sequence of HENXXX GXCTXGD. Cys-123 is conserved in the intelectin fold but has no role in calcium ion binding. Although not present in the consensus sequence, aspartates 162 and 311 are also conserved residues that ligate the structural calcium ion. The high conservation of amino acids in this region suggests that most, if not all, intelectins contain two structural calcium ions.
Compared with the structural calcium ion site, more amino acid variation is found in the ligand-binding site (Fig. 5 ). Among the five X. laevis intelectins, residues that directly coordinate the ligand-binding site calcium ion are completely conserved. . Binding of XEEL to carbohydrates, characterized using SPR. A, SPR sensorgrams of XEEL CRD binding to immobilized carbohydrates. B, equilibrium binding analysis of XEEL CRD to immobilized ␤-Galf. These data were used to determine the apparent affinity of XEEL CRD for ␤-Galf. C, glycerol was assayed for its ability to inhibit XEEL CRD binding to ␤-Galf. These data were used to determine the IC 50 of glycerol. This experiment was reproduced with an independently purified protein sample. Trp-317 and Trp-326, which form a box around the vicinal diol ligand, are conserved amongst XEEL, XSL-1, and XSL-2, all of which are proposed to participate in innate immunity. These observations suggest that XSL-1 and XSL-2 also can recognize the terminal 1,2-diols prevalent in microbial glycans. By contrast, the corresponding residues in XCGL-1 and XCGL-2 are phenylalanine and asparagine, respectively. XCGL-1 and XCGL-2 are involved in fertilization membrane formation (16, 17) , and they therefore likely recognize self-carbohydrate epitopes. Indeed, glycan array screening data suggest that XCGL-1 binds Gal␣(1-3)GalNAc (Consortium for Functional Glycomics, primscreen_758). This dissacharide is not specific to microbes.
Intelectins and Ficolins Are Structurally Divergent-Prior to our determinations of the hIntL-1 and XEEL CBD structures, intelectins were proposed to be part of the ficolin structural family. Although both lectin classes share an FBD, our results indicate that the intelectins and ficolins are structurally divergent. Indeed, our attempts at molecular replacement using ficolin structures did not yield interpretable maps. Topology diagrams of XEEL CRD and L-ficolin (PDB ID: 2J3U) rationalize this observation and highlight the differences in these two lectin families ( Fig. 6) (47) . Compared with XEEL CRD, L-ficolin has three deletions: one between strands 5 and 6 of XEEL, one between strands 6 and 7 of XEEL, and one encompassing the XEEL ligand-binding site (corresponding to XEEL ␤-strands 9 and 10 as well as a large loop). In L-ficolin, a single calciumbinding site lies between helices E and F, which differ in location and structure to helices K and L in XEEL CRD . The structural calcium sites in XEEL CRD are clustered between strands 3 and 4, with the exception of Asp-311, which is located within the ligand-binding site. Strand 4Ј in L-ficolin has no equivalent in the XEEL CRD structure. Specifically, Asp-162 in XEEL is a part of the structural calcium site, and this interaction would disrupt the secondary structure of L-ficolin. The ligand-binding residues of XEEL CRD are located between strands 9 and 11, whereas in L-ficolin the residues that interact with carbohydrates are dispersed (Fig. 6) . Finally, the ligand-binding site of XEEL contains a calcium ion that directly interacts with the ligand, a feature absent in L-ficolin. Therefore, while XEEL contains an FBD, the ligand binding and structural calcium ion sites are distinct from other lectins. Thus, XEEL, and intelectins in general, represent a novel class of lectins with a unique structural fold.
XEEL CRD Is Trimeric in Solution-
Despite lacking the N-terminal region that engages in disulfide bond formation, the structure of XEEL CRD indicates it forms a non-covalent trimer. Two head-to-tail trimers are observed in the asymmetric unit of the XEEL CRD structure, yet there are few contacts between them. This observation is consistent with the fragility of XEEL CRD crystals and their tendency to separate into thin sheets. These properties led us to suspect that this particular crystallographic packing arrangement is not biologically relevant. To examine the oligomerization state of XEEL in solution, we performed chemical cross-linking using bis(sulfosuccinimidyl)suberate (Fig. 7) . Trimers predominated at high cross-linker concentration, consistent with the intimate crystallographic trimer. No species larger than trimeric XEEL CRD were observed.
To measure more directly the oligomeric status in solution, we employed SAXS. A Guinier plot of the data from analysis of XEEL CRD in solution indicates a radius of gyration (R g ) of 27.9 Ϯ 0.2 Å (Fig. 8A ). This R g value is consistent with the calculated R g of 27.2 Å from our trimeric XEEL CRD crystal structure. The calculated R g values for monomeric XEEL CRD and hexameric XEEL CRD (18.7 and 39.1, respectively) do not agree with the experimental data. In addition, a comparison of simulated SAXS curves for monomeric (not shown), trimeric, or crystallographic head-to-tail hexameric XEEL with the experimental data indicated a superior fit for trimeric XEEL CRD (Fig. 8B) . Therefore, our SAXS findings indicate that XEEL CRD is trimeric in solution.
As a third independent assessment of the oligomeric state, we characterized XEEL CRD by equilibrium analytical ultracentrifugation. The absence of curvature in the plots of ln(absorbance) versus radial position squared indicated the presence of a single molecular species (Fig. 9 ). The reduced mass (M r ) obtained from a global fit was 27,120 daltons over all of the XEEL CRD concentrations tested. The calculated molecular mass was 96,811 Da, which returns an aggregation number of 3.08, based on the molecular mass of the N-terminally truncated XEEL CRD . This result is consistent with our SAXS data indicating that XEEL CRD is trimeric. The analytical ultracentrifugation data show that the XEEL CRD trimer is the preferred species because no free monomeric XEEL CRD was observed at any point during the experiment. Thus, the XEEL CRD forms a stable trimer in solution, despite lacking intermolecular disulfide bonds.
XEEL
(BC087616) HENNMFGKCTVGD……DDY……NSER……CNVEHH……PE D GSPRQCG FAALDWDGYGTNLGWS XCGL-1 (X82626) HENNMAGKCTIGD……DDY……NTEK……CNVEHV……PEADPRQCGDFAAYDFNGYGTKKFNS XCGL-2 (BF232570) HENYLAGKCTVGD……DDY……NTEK……CNAEHV……PEADPRQCGDFAAYDFNGYGTKKFNS XSL-1 (AB061238) HENNMFGKCTVGD……DDY……NAEK……CNTEHH……AEGNPKQCGDFTGFDWDGYGTHQDWS XSL-2 (AB061239) HENNMFGKCTVGD……DDY……NTER……CNAEHH……PEGNPVQCGDFAAFDWNGYGTGYAWS hIntL-1 (BC020664) HENDMRGKCTVGD……DDY……NNER……CNTEHH……PEASPQQCGDFSGFDWSGYGTHVGYS hIntL-2 (AY358905) HENDMRGKCTVGD……DDY……NNER……CNTEHH……PQGKPRQCGDFSAFDWDGYGTHVKSS mIntL-1 (AAU88049) HENNMRGKCTVGD……DDY……NNER……CNTEHH……PEGNPVQCGDFASFDWDGYGTHNGYS mIntL-2 (AAO60215) HENNLRGRCTVGD……DDY……NNER……CNTEHH……PEFDPEECGDFAAFDANGYGTHIRYS DrIntL-1 (ACC62155) HENNIHGSCTVGD……DDY……NNYQ……CYAQYY……PN---TFCSDFAYLNANN-GATNGYG DrIntL-2 (ACC62157) HENNMYGKCTVGD……DDY……NTEK……CHTEYF……PEGVPKQCGDFTGFDWNGYGTNTGNS Analysis of the interfaces in the XEEL CRD structure indicated that each monomer has an average buried surface area of 1571 Å 2 resulting in a total of 4715 Å 2 buried upon trimerization. The interface surfaces are polar but not highly charged. Interactions between each monomer include 18 -19 hydrogen bonds and 1-3 salt bridges. Superposition of trimeric hIntL-1 (PDB ID: 4WMY) (26) and GroP-bound trimeric XEEL CRD using all C␣ atoms yielded an r.m.s.d. value of 0.63 Å, suggesting a similar trimeric arrangement. The ligand-binding sites of both trimers occupy the same space. Therefore, the trimeric architecture of XEEL CRD and hIntL-1 are conserved in three-dimensional space. Amino acid sequences at the interface are not highly con- served, as determined by ConSurf (48) using both automatic sequence alignment of 150 homologs or intelectins from model organisms (Fig. 5 ). Given the large buried surface area and the only two unique intelectin structures available to date, the relationship between sequence variation in the monomer interface and the oligomeric state of the intelectins remains to be explored.
L-Ficolin
N-terminus
XEEL Dimer of Trimers Structure Predicts Agglutination Activity-Our crystal structure and solution measurements of the XEEL CRD all corroborate that it is a trimer, but full-length XEEL has been reported to be hexameric (22) . As fusion of amino acids 22-47 of XEEL to thioredoxin could promote oligomerization ( Fig. 1B) , we hypothesized that this sequence mediates the assembly of two XEEL trimers into the observed hexamer. A secondary structure prediction strongly suggests that this region is helical (49) . We postulated that XEEL could form an anti-parallel six-helix bundle held together by six disulfide bonds, with the consequence being that the protein would adopt a barbell-like arrangement, with each trimer displaying three ligand-binding sites oriented in opposite directions (Fig.  10) . This model suggests that XEEL could bind two microbes simultaneously and thereby mediate agglutination. To test this hypothesis, we investigated whether full-length XEEL can agglutinate specific serotypes of S. pneumoniae (Fig. 11) . No agglutination was observed with serotype 8, of which the capsule lacks an exocyclic 1,2-diol-containing carbohydrate residue. In contrast, S. pneumoniae serotypes 43 (which contains GroP) and serotypes 20 and 70 (which contain ␤-Galf residues in their capsular polysaccharide) were agglutinated in the presence of XEEL. Furthermore, this agglutination activity was calcium ion-dependent, as it was abolished upon the addition of the calcium ion chelator EDTA.
Discussion
Intelectins are produced by organisms ranging from tunicates to humans, and these soluble lectins have been suggested to participate in innate immunity. Despite this proposal and the high sequence similarity among intelectins, little is known regarding intelectin function. An understanding of structure and carbohydrate-binding specificity can illuminate intelectin functional roles. The human intelectin hIntL-1 binds a range of epitopes found only in microbial glycans (26) . To examine whether other homologs share similar binding modes, we determined the structure of the carbohydrate recognition domain of the Xenopus homolog XEEL, alone and complexed to GroP. The x-ray crystal structures of XEEL CRD and hIntL-1 indicate that the intelectins are a discrete lectin class. Although the intelectins and ficolins share an FBD, our x-ray structures show that they are structurally divergent. Intelectins, ficolins, and many C-type lectins possess structural calcium ions. Still, the structural calcium site of XEEL bears no resemblance to the single structural calcium site present in ficolins nor to the two structural calcium ions in the C-type lectin DC-SIGN (Fig. 12) . The structural calcium ions of intelectins are buried, which contrasts with the solvent-exposed site in L-ficolin. In addition, intelectins use protein residues from three loops ( Fig. 6 ) to coordinate their structural calcium ions, whereas ficolins employ side chains within a short single loop (47) . The intelectin site is also distinct from the two non-conserved structural calcium ions in the C-type lectin DC-SIGN, which are solventexposed and are coordinated by two protein loops (50, 51) .
The ligand-binding site of the intelectins is also different from that of other lectins. In the intelectin structures solved to date, a calcium ion directly coordinates an exocyclic vicinal diol present in the carbohydrate epitopes. Ficolin structures show no direct interactions between the calcium ion and the ligand. Alternatively, C-type lectins, such as DC-SIGN, recognize their carbohydrate ligands through calcium coordination to adjacent secondary hydroxyl groups within a pyranose ring ( Fig. 12) . Additionally, the ligand-binding site of DC-SIGN lacks the two electron-rich aromatic residues that surround the calcium-coordinated ligand in hIntL-1 and the XEEL CRD . These observations underscore that intelectins are a distinct lectin class.
The structures of XEEL CRD and hIntL-1 reveal conserved features: the intelectin fold, the trimeric CRD core, and the ligand-binding mode. We attribute the ligand-binding specificity of XEEL to Trp-317 and Trp-326, which form a tight box around the vicinal diol (Fig. 4) . The structure of GroP-bound XEEL CRD confirms that GroP does indeed bind in the same site as ␤-Galf binds to hIntL-1. Both hIntL-1 and XEEL contain an aromatic residue (Trp-326 in XEEL and Tyr-297 in hIntL-1) in the binding site that serves as an aromatic wall, a steric barrier that prevents the binding of more substituted diols. Moreover, the placement of the aromatic residue suggests that it can engage in a CHinteraction with the methylene group of the 1,2-diol-containing ligands (52) . Coordination of the diol to a calcium ion should increase the strength of the CHinteraction (53) . We anticipate that intelectins with this dual aromatic residue signature will show similar ligand-binding modes and specificities.
The structures of XEEL and hIntL-1 provide the means to further interpret intelectin sequence alignment data. We compared human intelectins to those from common laboratory model organisms. The amino acid sequence of the structural calcium site is exquisitely conserved. Moreover, the overall ter- tiary structure observed for hIntL-1 and XEEL CRD is conserved throughout chordate species. At least one intelectin in each model organism shows a high degree of conservation in the ligand-binding site with XEEL and hIntL-1, suggesting that a microbe-binding intelectin likely exists in most animals.
The conservation of the ligand-binding site in some, but not all, members of the intelectin family across the evolutionary tree may distinguish those intelectins that recognize microbial surface glycan epitopes from those involved in other functions. Interestingly, intelectin paralogs within the same species (e.g. XEEL and XCGL-2) show appreciable variation in ligand-binding site residues (Fig. 5) . The corresponding gene sequences of XCGL-1 and XCGL-2 encode binding site residue substitutions (W317F and W326N), and these lectins appear to have altered ligand specificity, as mentioned earlier. Thus, one intriguing hypothesis is that these two residues control carbohydrate specificity and can be varied to discriminate between different carbohydrate epitopes. Indeed, a further examination of sequence alignment predicts intelectins with novel ligand binding properties. For example, mouse intelectin-2 (mIntL-2) does not have a predicted aromatic box, as it has a W317A substitution. In addition, there are marked variations in the ligandbinding site of the zebrafish intelectins (Fig. 5 ). The differences between XEEL and hIntL-2 are especially intriguing. For example, the equivalent of XEEL Trp-326 (or hIntL-1 Tyr-297) in hIntL-2 is a serine residue. As a result, hIntL-2 is unlikely to recognize terminal 1,2-diols, but rather it binds some other motif. Furthermore, Glu-303, which directly coordinates the ligand-binding site calcium ion in XEEL and hIntL-1, is a glutamine in hIntL-2. This change may alter the ability of hIntL-2 to chelate a calcium ion. The consequences of these changes on intelectin structure and ligand specificity warrant further study.
The oligomeric state of intelectins appears to vary among family members; hIntL-1 is a disulfide-linked trimer, whereas XEEL is reported to be a disulfide-linked hexamer. Here we show that the CRD of XEEL is trimeric in solution, despite lacking intermolecular disulfide bonds. The intermolecular disulfide bonds that exist in full-length XEEL can be mapped to Cys-24 and Cys-42, the only two cysteine residues missing from XEEL CRD . Thus in XEEL, the intermolecular disulfide bond may be required for the formation of stable high-order hexamers but is not required for trimerization of the carbohydrate binding core. The two intelectin x-ray structures suggest that this twice observed trimer arrangement, which orients three ligand-binding sites on one face, is a basic unit. Other domains can be used to mediate its further assembly into higher order oligomers. Previous functional studies have explored the significance of intelectin oligomeric states by altering these N-terminal cysteine residues. It was concluded that the resulting protein was monomeric by denaturing SDS-PAGE (54, 55) . This experimental design cannot reveal whether the protein forms a non-covalent oligomer. Our findings that XEEL CRD exists as a non-covalent trimer highlight the utility of using additional techniques such as cross-linking, SAXS, equilibrium analytical ultracentrifugation, and crystal packing analysis to establish the oligomeric state of an intelectin.
Intermolecular disulfide bonds are found in several important proteins such as antibodies, hormones, and growth factors (56 -58) . Their presence can provide stability and is often crucial for biological function (59) . For example, TGF-␤3, in which the intermolecular disulfide bond was mutated, is monomeric and has diminished biological activity (58) . It has been suggested that disulfide bonds are conserved once acquired through evolution and that the acquisition of disulfide bond is associated with organismal complexity (60) . Whether this trend is observed for all intermolecular disulfide bonds is not clear, as we did not find a systematic evolutionary study relating the acquisition or loss of an intermolecular disulfide bond to protein oligomeric state. With regard to intelectins, mouse intelectins do not contain intermolecular disulfide bonds, but their oligomeric state is not yet known. Given our work on XEEL CRD and the large sequence variation in the N terminus of intelectins, we suggest that biophysical characterization of the intelectin oligomeric state in FIGURE 10 . Predicted structure of full-length XEEL. The ligand-binding site on each carbohydrate-binding domain (derived from the crystal structure) is marked by its calcium ion (green). The predicted structure of the dimerization domain (from PDB ID: 2SIV (62)) is shown as a helical bundle, with two of the six Cys-24 -Cys-42 disulfide bonds labeled. solution, in combination with sequence analysis, could provide insight into intermolecular disulfide bond evolution. The structure of XEEL CRD presented here provided a basis to predict the structure of full-length XEEL. We hypothesize that the structure is a barbell-shaped dimer of trimers held together by the N-terminal helical bundle that was removed by proteolysis in our experimental system. Because the bundle would align the two carbohydrate binding faces in opposite orientations, we hypothesized that XEEL can agglutinate bacteria. This hypothesis is supported by the findings that XEEL agglutinates S. pneumoniae in a ligand-and calcium ion-dependent manner. We postulate that this agglutinating activity could be further optimized and utilized for pathogen detection.
In conclusion, the structure and ligand recognition mechanism of intelectins are unique among lectins. With structures of the XEEL CRD and hIntL-1, features conserved between intelectins can be identified. Our results also lay a foundation for further structural analysis of the intelectin family, which will provide insight into the biological function of individual intelectins. Because both XEEL CRD and hIntL-1 bind microbe-specific carbohydrate residues, these intelectin structures provide blueprints for engineering intelectin variants for microbe recognition and targeting.
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